Circuity, the ratio of network to Euclidean distances, describes the directness of trips and the efficiency of transportation networks. This paper measures the circuity of the 51 most populated Metropolitan Statistical Areas (MSAs) in the United States and identifies trends in those circuities between 1990 and 2010. Overall circuity has increased between 1990 and 2010: random points have not only become farther apart in distance, their shortest network path has become more circuitous, suggesting that the more recently constructed parts of street networks are laid out more circuitously than older parts of the network. Over this period, 35 MSAs experienced a statistically significant increase in circuity (6 experienced a significant decrease). As expected, short trips are more circuitous than long trips. A new circuity distance decay function describes how circuity varies with distance within metropolitan areas. The parameters of this function have changed from 1990 to 2010.
Introduction
Circuity, the ratio of network to Euclidean distance along a path, is an important metric in the emerging field of network structure [2, 3, 7, 8, 15, 17, 22, 23, 26, 28] . Interest in the implications of network circuity are long held. Circuity has been used to aid in the placement of centralized facilities [9, 10] , selecting highway alignments [13] , and organization of shipping logistics [24, 27, 31] . Average circuity has previously been estimated at about 1.2 times the Euclidean distance for stylized road networks [21] , but is known to vary by country due to factors such as network density [1] .
Circuity may be reduced simply by increasing connectivity on a network, by providing a higher number of links into the junctions (intersections) that currently exist. With any investment comes a trade-off between construction, operations, and maintenance costs and increased utility from the network [6, 35] . Economies of scale and density associated with aggregating traffic on networks provide advantages to more circuitous routes that a simple 1 distance measure does not capture. With every network there are associated traffic capacities which play into a decreased return on investment into a road network [5] . This problem of network design is perhaps the most analytically difficult problem within transportation [36] , requiring a "whole-network" traffic analysis [14] . Further, topography constrains the ability to reduce circuity [11] .
This study measures the circuity for road networks in the 51 most populous Metropolitan Statistical Areas (MSAs) in the United States for 1990, 2000, and 2010. If circuity changes, this implies that the design of networks has changed. If circuity increases, it implies networks are less efficient from a shortest distance path perspective (though may be as or more efficient from a shortest travel time path, as not all links have the same speeds). This study also examines how circuity varies with the length of Origin-Destination pairs (OD Pairs), estimating a measure of distance decay for circuity.
The subsequent sections present the results and compare cities and trends over time, and look at how circuity decreases with distance. Implications about changing urban form are identified in Section . Details of the methods and definitions are provided in Section . Unweighted circuity is calculated as :
Results

Circuity Measurement
where: C u = Average Unweighted Circuity, D n = Sum of the network distances between all origin-destination pairs in the subsample, D E = Sum of the Euclidean distances between all origin-destination pairs in the subsample.
Similarly, Table 2 shows the results of commute trip length frequency weighted circuities from Equation 2 (as described in Section ). Calculated in the bottom row of Table 2 is the average (weighting all 51 cities equally) for each year analyzed (1990, 2000, 2010) . In these averages, a clear increasing trend can be seen.
The weighted circuity of a road network, weighted by the distribution of home to work trips traveled in the MSA:
where: 2 C w = Weighted circuity of trips less than or equal to threshold S, T i = Number of trips in each interval, C i = Unweighted circuity of trips in the interval i (based on network distances), interval size s = 5km, threshold S = 60km, total number of intervals I = S/s = 12. Table 3 summarizes the trends in circuity. For example, 1990-2000-2010 means that the weighted circuity was lowest in 1990, higher in 2000, and highest in 2010. As can be seen in Table 3 , the first three possibilities listed have 1990 with a lower weighted circuity value than 2010. Of 51 metropolitan areas, 41 yielded statistically significant results, 35 metropolitan areas showed statistically significant increases, and 6 showed statistically significant decreases.
When comparing Tables 1 and 2 it is almost always the case that the unweighted circuity is lower than the weighted circuity for an MSA in any of the years analyzed. The only cases where the unweighted circuity is higher than the weighted circuity were Honolulu and Salt Lake City for all three analyzed years, the 1990 versions of San Diego and Las Vegas, and the 2000 road network of Las Vegas.
Circuity vs Trip Length
In Figure 1 trends for trips generated within the Minneapolis MSA are shown. C i shows an unweighted circuity value according to Equation 1 over a certain network distance interval (i) for each decade. We can similarly draw this for network travel time intervals (C t ). Circuity decreases as the travel distance and time increases. These observations corroborate previous findings [17] that higher circuities are experienced with shorter commutes.
Circuity can be modeled exponentially [16] . In searching for the best exponential fit, when looking at unweighted circuity and travel time, linear fits were explored for all 51 MSAs in the study on linear plots, double-log plots, and both semi-log plots. The double-log plot gave the best fit (r 2 ) for all three years analyzed in the study (1990, 2000, and 2010 ). The corresponding equation follows:
where: C t = unweighted circuity for some timeband (t), ζ = circuity decay parameter to be estimated, and β = constant to be estimated. Table 4 summarizes the results. As can be seen zeta decreases on average from -0.035 to -0.039 from 1990 to 2010, indicating that if the betas were constant, circuity would be lower in 2010 than 2000, which would be lower than 1990. However, β also varies slightly over time, so the estimated average circuity is lowest in 1990 for trips under 60 minutes, followed by 2010, with 2000 having the highest values, as shown in Figure 2 . Figure 3 shows the ability of Equation 3 to model circuity data. The plotted points in Figure 3 show US averages for circuity in each time interval. The plotted curve is a representation of the circuity using Equation 3. Error bars are plotted to show the distribution of data points from all 51 MSAs. As can be seen, there is high overlap of the circuities between cities, and the difference between cities is much greater than the difference between years.
Discussion
This paper quantifies road network circuity in MSAs across the United States. The results enable calculation of other measures, such as job accessibility [16] . The paper finds average weighted circuity increasing from 1.327 in 1990 to 1.339 in 2010. Given that 1.0 is the minimum possible circuity, this represents a 3.7% increase. Some areas such as Seattle, shaped by bodies of water, see values above 1.4. Over the period from 1990-2010, 35 of the United States' 51 most populated MSAs experienced statistically significant increases in circuity.
So in the most populated MSAs in the United States, random points have not only become farther apart in distance, they are becoming more circuitous, suggesting that the more recently constructed parts of street networks are laid out less efficiently than older parts of the network.
It is not surprising that new areas are less well connected than older areas, as that is part of the general process of network growth and infill [18] . But the trend must be that they stay less well connected, or that the amount of new network is becoming disproportionately significant.
Specific patterns of suburbanization [4, 12, 19, 20, 25, 29, 30] are thus suspects in this circuity increase, and it is posited that this continued trend of progression areas with a more dendritic and hierarchical road network causes the general increase in circuity over the past few decades. Exploring the connections between intra-metropolitan location and network structure and daily travel is an important line of future research. Determining causality, and whether influencing the circuity of an MSA could influence metropolitan economic productivity and agglomeration economies bears great potential for future research.
Methods Data Collection and Generation
Metropolitan Statistical Areas (MSA) as defined in 2009 by the Census for 2010 were used as a basis for this study, ensuring a consistent geography for all three points in time. MSA boundaries change decennially. It was considered to use the definitions from 1990 and 2000 with the Census road network data from 1990 and 2000 respectively, but this was decided against for two reasons. First, the definitions change drastically with some MSAs. 
Sampling
Sampling of origins and destinations occurred randomly across the network. Points could fall on any polygon representing a link. In calculations, the distance from the network link nearest the point was used. For areas with no roads, no points would be generated. Figure  4 depicts a portion of the Miami MSA with sample origins. As can be seen, points fall on the polygon containing the center-lines of roads, such as in rural areas, so the distribution of points is proportional to the location of roads. This alone does not account for the distances and circuities actually experienced between home and work locations, so we applied survey data from the NHTS to account for the actual distribution of trip distances. The circuity differences between ignoring actual trip distance distributions over the MSAs and accounting for them are evidenced in Tables 1 and 2 respectively.
The 2000 and 2010 MSA networks were projected onto state planar coordinates, North American Datum (NAD) 1983. Files for the 1990 road networks were created using NAD 1927, and a conversion to 1983 was required. Using GIS software (ArcGIS), 500 points generated over the MSA represented randomly located home origins, and 100 points generated represented work destinations. The product of the home and work points, about 50,000 origin-destination (OD) pairs, representing "trips", were generated for each MSA. Ideally, 50,000 origin-destination pairs, would be generated, though it was common that a few points would fail to have network paths connecting them, resulting in a total generation of trips slightly under 50,000 for each year for each MSA. The shortest distance path on the road network of the MSA was calculated for each OD pair. Euclidean distances were computed as well.
NHTS Data
The NHTS conducted surveys in 1990, 1995, 2001, and 2009 [32, 33, 34] . Data from 1995 (and subsequent years) was collected in a different manner than in 1990, Data from 1995 was used for 1990 trip length distribution because the way data was collected in 1990 made it incomparable to data from subsequent years. Those surveys are overlaid with the data generated from the road networks of 1990, 2000, and 2010 respectively. For some MSAs, data were not collected by the NHTS for all three surveys, and proxies (values from the nearest year for which data were collected) were used. MSAs that did not have survey data for the 1995 survey are: Atlanta, Grand Rapids, Honolulu, Jacksonville, Louisville, Providence, and Raleigh. For those MSAs, survey data from 2001 was used as weights. The only MSA that did not have survey data for just the 2009 survey was Honolulu, for which survey data from 2001 was used. Adjoining MSAs were combined in the NHTS in some years, specifically, Baltimore and Washington, DC were listed separately in 1995, but were combined for the 2001 and 2009 surveys.
Sample Size
Determining an appropriate sample size is essential to minimizing the computational time incurred when analyzing an OD Matrix in a road network. To do so, many simulations were run on the road network of Miami, Florida. Miami was chosen because it is a large MSA that has relatively few (three) counties (Broward, Miami-Dade, and Palm Beach), relatively simple to manage. Five simulations were run for each OD matrix of 2,000, 8,000, 50,000, and 200,000 trips respectively, 20 simulations in total. Unweighted circuity values were used as a measure, as this is the raw data. The results of these iterative tests can be seen in Table  5 . Obviously from each set of generated OD pairs, the unweighted circuity value will differ slightly from test to test. After a few trials with each matrix the results of that matrix are reproducible.
The standard deviation (σ) of these results were used to determine what size matrix to use for testing the remaining MSAs. Since the standard deviation of unweighted circuity results as calculated in Equation 1 does not decrease beyond 50,000 trips generated, the sample size chosen for all MSAs was 50,000 trips. With a standard deviation (σ) of 0.0064, this creates a 95% confidence interval of ±0.0126 in the unweighted circuity value. Each of the 51 MSAs has matrices generated for 1990, 2000, and 2010. That is 153 iterations, and with a 95% confidence interval; it is expected that approximately 7 or 8 of those iterations would fall outside the aforementioned confidence interval.
Weighted Circuity
All statistics in this paper are summarized by Metropolitan Statistical Area (MSA) as defined by US Bureau of the Census. Each MSA has its own profile identifying what percentage of workers travel certain distances to work, and the results of an unweighted circuity calculation will disproportionately measure the longer trips, both because longer distances carry more weight in Equation 1 and because more long trips exist in a random sampling of pairs of points than short trips. Weighted circuities are tabulated in Table 2 .
To ensure the measures are reasonable, weighted circuity is computed, weighting the network origin-destination pairs by the likelihood of that distance appearing in actual home to work commutes. Survey data came from the National Household Travel Survey. Actual data were collected in units of miles. For this study these were converted to kilometers (NHTS) and employed to weight for home-work trip distances (e.g. more people choose a commute distance of 5-10 km than 55-60 km).
The geographic area for weighting needs to be considered because some MSAs are smaller than others and cannot have trips which reach a given distance and remain within the MSA. Those trips likely originated from (or were destined to) locations outside the MSA. Any trips simulated in excess of 60km were excluded. An interval size (s) of 5 km was chosen based on ensuring sufficient sample size in each MSA. A threshold (S) of 60 km included more than 95% of work trips in the tested MSAs. Figures 1-2 Table 5 : Sampling iterations (trips) performed on Miami, Florida MSA. This table shows various levels of OD Matrix sizes used prior to testing all 51 MSAs. The results shown are only for the Miami, FL MSA. Miami was chosen because it is a relatively large MSA. As can be seen from the standard deviations tabulated, there is no significant difference between the variation of the matrices that generate 50,000, and 200,000 trip iterations (The σ is actually higher in the 200,000 matrix), which is the reason for performing 50,000 iterations on each metropolitan area on all subsequent tests. 
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